Abstract. Tanshinone IIA (Tan IIA), one of the major active constituents of the medicinal herb Salvia miltiorrhiza, has been reported to possess neuroprotective effects against the pathological features of Alzheimer's disease (AD), but the molecular mechanism underlying this effect remains unclear. To examine the effect of Tan IIA on AD, as well as the underlying molecular mechanisms, in vivo animal experiments and in vitro molecular biology investigations were employed in the present study. Firstly, a rat model of AD was successfully established by direct injection of the amyloid beta protein (Aβ) and then these rats were administered an interventional treatment of Tan IIA. The learning and memory ability of rats was evaluated in four groups (Control, Sham, AD and Tan IIA) utilizing a Morris water maze test. Quantitative (q)PCR was employed to detect the mRNA expression of inducible nitric oxide synthase (iNOS), matrix metalloproteinase-2 (MMP-2) and nuclear transcription factor kappa (NF-κBp65) in temporal lobe tissues and protein expression was determined with western blot analysis. In addition, association analyses between iNOS, MMP-2 and NF-κBp65 at a transcriptional and translational level were performed utilizing Spearman's correlation analysis. In the present study, the results revealed that rats in the AD group demonstrated significant disruptions in learning and memory ability, and the symptoms were evidently reduced by Tan IIA. Furthermore, the upregulation of iNOS, MMP-2 and NF-κBp65 at a transcriptional and translational level in AD rats was distinctly inhibited by Tan IIA. Therefore, it was concluded that iNOS, MMP-2 and NF-κBp65 are involved in AD development, and Tan IIA may reduce AD risk by inhibiting transcription and translation of these genes. Furthermore, the positive correlation of iNOS and MMP-2 with NF-κBp65, respectively, provides evidence supporting the hypothesis that Tan IIA reduces AD risk by inhibiting iNOS and MMP-2 at a transcriptional and translational level through the NF-κB pathway. In summary, Tan IIA is an effective neuroprotective agent for AD therapy, and iNOS, MMP-2 and NF-κBp65 may be the potential molecular targets for manipulating this effect therapeutically.
Introduction
Alzheimer's disease (AD) is a regressive disease of the central nervous system (CNS), characterized by progressive cognitive dysfunction, including memory decline, with the pathological features of senile plaques deposition, neurofibrillary tangles (NFT) and neurodegeneration of the brain. These pathological hallmarks occur predominantly in the temporal and frontal lobes of the cerebral cortex, hippocampus and the basal forebrain. Temporal lobe atrophy of AD patients is more severe than that of healthy individuals. This is consistent with the clinical features of AD patients, which include a decrease in intelligence and the decline of short-term memory in the early stages. Therefore, studies investigating neurodegeneration within the temporal lobe will further elucidate the pathogenic mechanisms behind AD (1, 2) .
Tanshinone IIA (Tan IIA), is an abietane-type diterpene quinone, extracted from the traditional Chinese herbal medicine Salvia miltiorrhiza (Danshen) which is a well-established medicine in the treatment of cardiovascular diseases (3) . Currently, emerging in vivo evidence is reporting that Tan IIA has neuroprotective effects on the cholinergic system, and appears to result in the improvements in the pathological changes caused by AD, but the underlying mechanisms of these effects is largely unclear (4) . Previously, two genes, inducible nitric oxide synthase (iNOS) and MMP-2, have been reported Tanshinone IIA reduces the risk of Alzheimer's disease by inhibiting iNOS, MMP-2 and NF-κBp65 transcription and translation in the temporal lobes of rat models of Alzheimer's disease as crucial in the development and pathogenesis of AD (5, 6) . As a result, we hypothesized that Tan IIA may reduce AD risk, through iNOS and MMP-2 signaling pathways. iNOS is an important enzyme that mediates inflammatory processes. iNOS catalyzes the oxidative deamination of L-arginine to produce NO at high concentrations. NO is neuroprotective at low concentrations, but higher concentrations are potently neurotoxic to brain cells (7) . In AD patients, studies have demonstrated that the number of iNOS-positive neurons is significantly enhanced in the brain, and is accompanied by abundant neuronal damage. This evidence suggested that iNOS may be associated with the pathogenesis of AD (8) . Matrix metalloproteinase 2 (MMP-2) is a crucial zinc-dependent protease, involved in remodeling the extracellular matrix and modifying cell-cell and cell-matrix interactions (9) . MMP-2 participates in the development of AD by regulating ionic concentrations, which mediate the balance of amyloid beta protein (Aβ) metabolism, therefore changes in MMP-2 levels are considered as a potential diagnostic biomarker of AD.
iNOS and MMPs were activated by the NF-κB pathway in the progression of cerebral aneurysm (10) . However, few studies have demonstrated the activation of iNOS and MMP-2 by NF-κB in AD development. Nuclear transcription factor kappa B (NF-κB) participates in multiple inflammatory immunoreactions. Furthermore, it has a regulatory role in the transcriptional and modulatory processes of numerous inflammatory mediator genes, including adhesion molecules, cytokines, inflammatory mediators and proteases. Accumulated evidence suggests that NF-κB is correlated with AD pathogenesis, and involved in the mechanism of Aβ injury (11), therefore, NF-κB may be the upstream activator that regulates iNOS and MMP-2, and further contributes to AD development induced by Aβ.
In the present study, we established AD model rats with the method of direct Aβ injection, then administered a interventional treatment with Tan IIA. Following this, the learning and memory ability of rats was examined in each group, and the mRNA and protein expression of iNOS, MMP-2 and NF-κBp65 in temporal lobes was detected, respectively. The aim of the present study was to investigate the protective effect of Tan IIA on the learning and memory ability of AD rats, to confirm the potential correlation between the three genes and AD pathogenesis at a transcriptional and translational level, as well as to provide evidence for our hypothesis that Tan IIA may reduce AD risk by inhibiting iNOS, MMP-2 expression at a transcriptional and translational level, through the NF-κB pathway.
Materials and methods
Reagents. All antibodies used in this study were purchased from Cayman Chemical (Ann Arbor, MI, USA), including anti-iNOS, anti-MMP-2, anti-NF-κBp65, goat polyclonal and anti-actin. One-step Extract RNA kit (TRIzol reagent kit) was purchased from Promega, Inc. (Madison, WI, USA). PrimeScript reverse-transcript reagent kit and SYBR Premix Ex Taq™ enzyme were obtained from Takara Bio, Inc. (Shiga, Japan); Aβ, Tan IIA (degree of purity, >99%) and other biochemistry reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). Finally, the determination of protein content kit was from Bio-Rad (Hercules, CA, USA).
Animals. The adult male Sprague-Dawley rats (n=60; weighing, 200-250 g; age range, 8-12 weeks) used in the present study were obtained from the Laboratory Animal Center of the Second Military Medical University (Shanghai, China). All rats were housed in a climate-controlled room (temperature, 22-24˚C; humidity, 65-80%) with free access to food and water. The present study was conducted following internationally recognized guidelines on animal welfare, as well as the principles issued by the State Scientific and Technological Commission (Beijing, China).
AD model establishment. AD model rats were established with the method of direct Aβ injection as previously described (12) . Each rat received general anaesthesia with intraperitoneal injection of 100 g/l chloral hydrate (0.35 g/kg), which was then fixed by a stereotaxic instrument on top of the head. The rat's anterior fontanelle was exposed following skin disinfection and incision on the top of the head. With the use of a stereotaxically technique and rat brain map, a 1 mm diameter hole was produced in the skull (3.0 mm behind bregma, 2.0 mm to the right of the center line). A microsyringe was vertically inserted to administer a 10 µl injection of Aβ into the lateral ventricle (2.8 mm vertical from the brain surface). The needle remained in that position for >5 min following injection to ensure adequate diffusion of Aβ, after which it was slowly withdrawn. Rats in AD and Tan IIA groups were injected with 10 µl Aβ and the sham-operation group with 10 µl normal saline instead. All procedures were performed with the strict aseptic manipulation.
Rats in groups.
The rats (n=60) were randomly assigned to four groups: normal group (Control), sham-operation group (Sham), AD group (AD) and Tan IIA group (Tan IIA), with 15 rats in each group. After the AD model was established (24 h), rats in the Tan IIA group were intragastrically administered with 50 mg/kg/day Tan IIA (melted in corn oil) for 15 days. The rats in the other three groups were fed with 50 mg/kg/day corn oil for 15 days. All the rats were subjected to the Morris water maze test and their behavioral indexes were recorded once daily from day 11-15 following the induction of AD. Following the test on the 15th day, all the rats were sacrificed, and their temporal lobes were extracted and placed onto ice and washed by icy normal saline. Half of the temporal lobes were used in the western blot analysis and the other in quantitative (q)PCR.
Morris water maze test. The Morris water maze was performed following the commonly used procedure as described previously (13) . All of the rats were subject to the test once daily from day 11 to day 15 following the induction of experimental AD. For the training, the rats were placed into water at one of four quadrants around the pool's perimeter, facing the wall. Once the rat located the platform (escape latency; EL) within 60 sec, the training was terminated and EL was recorded as real time. Otherwise, the rat was guided to the platform and allowed to remain for 20 sec and EL was 1 min.
qPCR. The expression of genes was confirmed by qPCR. Primers were designed and synthesized by Takara Bio, Inc. Total RNA was isolated from iced temporal lobe tissues using RNAiso reagent. First strand cDNA was synthesized from 0.5 µg of total cellular RNA with random hexamers with the ExScript™ RT Reagents kit. qPCR cycles were conducted for amplification of iNOS, MMP-2, NF-κBp65 and β-actin cDNA. The primer sequences are listed in Table I . Fluorescent dye used in qPCR reactions was SYBR Premix Ex Taq™. All reactions were performed in triplicate with the TaqMan EZ (reverse transcriptase) RT-PCR core kit in an ABI-7000 machine (Ambion, Applied Biosystems Foster City, CA, USA) according to the manufacturer's instructions. PCR was performed in a 25 µl solution containing 400 nM of the primer, 200 nM probe, 300 µM each of deoxynucleotide triphosphate (dNTP), 3.0 mM manganese acetate, 2.5 U DNA polymerase and the PCR buffer. The threshold cycle changes (ΔCt) denote the difference in Ct of iNOS, MMP-2 or NF-κBp65 from the Ct level of β-actin within the sample. Following incubation for 15 min at 42˚C, the PCR cycling program was set for one cycle of pre-denaturation at 95˚C for 60 sec and then 40 cycles at 95˚C for 30 sec, 95˚C for 5 sec, 60˚C plate reading for 30 sec, melting curve from 55-95˚C read every 0.2˚C, holding for 1 sec between reads. The relative copies of iNOS, MMP-2 and NF-κBp65 mRNA on the internal control β-actin are in arbitrary units.
Western blot analysis.
Temporal lobe samples were homogenized in an ice-cold lysis buffer (pH 7.5) containing 20 mM Tris, 150 mM NaCl, 10 mM MgCl 2 , 1.0 mM EDTA, 1.0 mM EGTA, 1% Triton X-100 and a mixture of protease inhibitors. The homogenate was centrifuged at 15,000 x g at 4˚C for 30 min and the supernatant was stored at -80˚C for the western blot analysis. Briefly, samples were incubated with a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for 5 min at 95˚C. Each sample (40 µg/lane) was then subjected to SDS-PAGE and the separated proteins were transferred for 60 min to a PVDF membrane (GE Healthcare, Buckinghamshire, UK). The membrane was first incubated with a blocking solution containing 0.3-2% skimmed milk, 25 mM Tris, 150 mM NaCl and 0.1% Tween-20 (pH 7.5) for 60 min, then with the corresponding primary antibodies overnight (4˚C). The primary antibodies were a rabbit polyclonal antibody against iNOS (1:500), a goat polyclonal antibody against MMP-2 (1:400), a goat polyclonal antibody against NF-κBp65 (1:400) and mouse monoclonal antibodies against β-actin (1:1,000). Following this, the membranes were placed into the secondary antibody solution and incubated for 60 min. The corresponding secondary antibody was a goat anti-rabbit IgG-HRP conjugate (1:2,000) for iNOS, a donkey anti-goat IgG-HRP conjugate (1:2,000) for MMP-2 and NF-κBp65 and a sheep anti-mouse IgG-HRP conjugate (1:2,000) for β-actin. Final detection was performed with the enhanced chemiluminescence methodology (Amersham ECL western blotting detection reagents and analysis system; GE Healthcare) using a lumino imaging analyzer (LAS-3000; FUJIFILM, Tokyo, Japan). To normalize for protein loading, chemiluminescence of the bands in each lane was standardized to the intensity of the β-actin band in the same lane.
Statistical analysis. Data are presented as the mean ± SD and one-way analysis of variance (ANOVA) was used to determine the effect of AD or Tan IIA. Association analysis among iNOS, MMP-2, NF-κBp65 expression at mRNA and protein level was performed by Spearman's correlation analysis. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Tan IIA improves the learning and memory ability of AD rats. The Morris water maze test was conducted to investigate the learning and memory ability of each rat in the four groups. Mean EL was considered as the quantitative indicator of the behavioral observations representative of Table I . Primers of iNOS, MMP-2, NF-κBp65 and β-actin. cognitive function. Data was recorded as the mean ± SD and then transformed to the line chart illustrated in Fig. 1 . Each group demonstrated a progressive decline in EL from day 1-5 (P<0.05). Compared with the Control group, EL was significantly longer in the Sham group from day 1-5 except for day 4 (P>0.05). However, the AD group had a steeper increase in EL than the Sham group from day 1-5 (P<0.01, respectively). The results indicated that the AD model was successfully established in rats by the direct injection of Aβ and therefore were used in the experiments. When the comparison was performed between AD and Tan IIA groups, it was identified that EL reduced markedly in the Tan IIA group from day 1-5 (P<0.01 respectively), which suggested that Tan IIA improved the cognitive dysfunction in learning and memory exhibited by the AD rats.
Tan IIA inhibits the mRNA expression of iNOS, MMP-2 and NF-κBp65. The mRNA expression of iNOS, MMP-2 and NF-κBp65 was detected, respectively, in temporal lobe tissues of the four groups utilizing qPCR, to elucidate the protective effect of Tan IIA at a transcriptional level. The results are presented as a column diagram in Fig. 2 . There was no significant difference in expression of all three genes between the Sham and Control groups (P>0.05). However, in the AD group, the mRNA expression of iNOS, MMP-2 and NF-κBp65 were evidently upregulated (P<0.01, respectively). 
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These data demonstrated that the higher mRNA expression levels of iNOS, MMP-2 and NF-κBp65 in temporal lobe tissues were associated with AD. Most importantly, in our further investigations, the mRNA expression of iNOS, MMP-2 and NF-κBp65 was distinctly reduced in the Tan IIA group compared with the AD group (P<0.05, P<0.05 and P<0.01, respectively).
Tan IIA reduces the protein expression of iNOS, MMP-2 and NF-κBp65.
Western blot analysis was utilized to determine the expression at a translational level. The protein expression of iNOS, MMP-2 and NF-κBp65 was compared among the four groups (Fig. 3 ). There was a significant upregulation in the protein expression of iNOS, MMP-2 and NF-κBp65 in the Sham group compared with the Control group (P<0.05, respectively). The AD group had a highly significant increase in all three protein expression levels compared with the Sham group (P<0.01, respectively). The findings suggested that the elevated protein expression of iNOS, MMP-2 and NF-κBp65 in the temporal lobe tissues was also associated with AD. Furthermore, the expression of the three proteins in the Tan IIA group reduced markedly compared with the AD group (P<0.01, respectively), which indicated that Tan IIA reduced the protein expression of iNOS, MMP-2 and NF-κBp65 in the temporal lobe tissues of AD rats.
Association between iNOS, MMP-2 and NF-κBp65 at transcriptional and translational levels.
Spearman's correlation analysis on the mRNA expression of iNOS, MMP-2 and NF-κBp65 suggested that any two of the three genes had an evident positive correlation, as summarized in Table II . The strongest correlation was identified between iNOS and MMP-2 with r s =0.998 and P<0.01. At a translation level, a significantly positive correlation was identified between iNOS and NF-κBp65 with r s =0.974 and P <0.05, as shown in Table III .
Discussion
Patients with AD consistently suffer from symptoms of cognitive impairment, with memory dysfunctions occurring at an early stage in the disease. Compared with the healthy brain, AD patients have significant atrophy of the temporal lobe, lower bleeding through part of temporal lobes. Studies that focus on neurodegeneration in the temporal lobe will certainly contribute to the elucidation of AD pathogenesis. A number of animal experiments have demonstrated that Tan IIA may protect the cholinergic system in the brains of AD rats and improve the pathological alterations induced by AD, but the mechanism underlying this effect was largely unclear. In the present study, the protective effect of Tan IIA on the learning and memory ability of AD rats was investigated, by means of the Morris water maze behavioral test. We further analyzed the effect of Tan IIA on the expression of the three genes closely associated with AD in the temporal lobe tissues of AD rats, and attempted to clarify the protective mechanism at a transcriptional and translational level.
An in vivo AD model was established in rats by direct Aβ protein injection. The AD rats demonstrated an evident dysfunction in learning and memory in the Morris water maze test, while, Tan IIA distinctly reduced this effect. Consequently, the results confirmed that Tan IIA had a protective effect on learning and memory ability of AD rats. At a transcriptional and translational level, iNOS and MMP-2 in the temporal lobe tissues of AD rats was significantly upregulated, which was consistent with the results of our previous study in hippocampus of AD rats (14) . From these findings, we make several conjectures. First, MMPs are one of the most important metalloenzymes, which are closely associated with Aβ metabolism. Aβ metabolism disorder in AD rats induces changes in the concentrations of metal irons, which further induces enhanced expression of MMP-2 in temporal lobes. Secondly, iNOS is highly correlated to neurotoxicity induced by Aβ according to previous studies. Aβ injection activates the NO/NOS pathway, in which higher concentrations of NO produced by iNOS mediate delayed neuronal death following damage. Then the loss of neurons in brain causes cognitive decline, particularly dysfunctions of learning and memory (12, 15) . In the present study, these data demonstrated an enhanced expression of iNOS in temporal lobe tissues of AD rats, accompanied with the dysfunction of learning and memory, providing evidence for the above conjectures. Furthermore, the results that Tan IIA inhibited the expression of iNOS and MMP-2 at a transcriptional and translational level in temporal lobe tissues, confirmed the involvement of iNOS and MMP-2 pathways in AD pathogenesis and development.
In order to further elucidate the mechanisms involved, we detected the alterations of the potential upstream molecular pathway, NF-κBp65. As the most general subtype of NF-κB protein family, NF-κBp65 is expressed in almost all cells and not only participates in normal immune and inflammatory reactions, but is also important in the regulation of various genes which are involved in AD pathology (16) . Furthermore, the p65 subtype may improve the transcriptional activation of target genes with the transcription-activating domain located in the C-terminal, or exert its effects through being coupled with other IκB members (17) . Enhanced NF-κBp65 activity has been identified in the brain tissue of AD patients, including in degenerating neurons and in neurons adjacent to senile plaques and glial cells. NF-κBp65 is highly associated with the pathogenesis of AD. Furthermore, as NF-κB in neurons may be activated by Aβ deposition, the NF-κB pathway could be involved in Aβ damage mechanism in AD (18) . In the present study, NF-κBp65 were upregulated in temporal lobe tissues of AD rats at a transcriptional and translational level, which indicated that NF-κBp65 is involved in AD development induced by Aβ injection. In a similar manner, the inhibitory effects of Tan IIA on the mRNA and protein expression of NF-κBp65 was accompanied by restrained AD risk and this further demonstrated that NF-κB pathway participated in AD development in the AD rats. Furthermore, the results suggest that Tan IIA may reduce AD risk through the NF-κB pathway.
In the present study, it was identified that iNOS, MMP-2 and NF-κBp65 are involved in AD development, as well as the neuroprotective effects of Tan IIA on AD. To determine whether the activation of iNOS and MMP-2 in AD rats was induced by the NF-κB pathway, an association analysis among iNOS, MMP-2 and NF-κBp65 was performed. As a result, a highly positive correlation between any two of the three genes was identified, as was a positive association between iNOS and the NF-κBp65 protein. According to several other studies, there is a κB element in the promoter of iNOS and MMP-2, respectively, which provides the binding site for the signal molecules of the NF-κB pathway (17) . Consequently, we can infer that, the upregulation of mRNA and protein expression of NF-κBp65 activates iNOS transcription and translation to produce high concentrations of NO, which may lead to the learning and memory dysfunction of AD rats. By contrast, the activated NF-κBp65 targets the κB sequence of MMP-2 promoter to upregulate MMP-2 gene expression, which aggravates the neurological disorder in AD rats. Furthermore, Tan IIA inhibits the activation of NF-κB pathway, thus inhibiting the iNOS and MMP-2 signaling pathways to reduce the risk of AD stimulated by Aβ injection.
Based on the findings of the present study, we conclude that iNOS, MMP-2 and NF-κBp65 are involved in the development of AD induced by Aβ injection, and Tan IIA may reduce the risk of AD by inhibiting iNOS, MMP-2 and NF-κBp65 expression at the transcriptional and translational levels in temporal lobe tissues of AD rats. Additionally, these results provide further evidence for the hypothesis that Tan IIA may reduce AD risk by inhibiting iNOS and MMP-2 expression through the NF-κB pathway. However, further studies should be conducted to elucidate the mechanism underlying this effect in detail. Nevertheless, iNOS, MMP-2 and NF-κBp65 are potential targets in AD prophylaxis and treatment because they are not only accurate biomarkers that indicate the progression of AD, but are also key targets against Aβ deposition (19, 20) . Furthermore, we conclude Tan IIA is an effective neuroprotective agent for AD therapy, and iNOS, MMP-2 and NF-κBp65 may be the potential targets molecular targets for manipulating this effect therapeutically.
